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Abstract
Resistance to temozolomide (TMZ) limits the efficacy of treatment in glioblastoma (GBM) and it is
fuelled by a metabolic reprogramming of the cancer cells. Lonidamine (LND), a glycolytic and
mitochondrial inhibitor, was used in combination with TMZ to evaluate metabolic and microstructural
changes in a GBM model. C57BL/6 mice bearing intracranial GL261 tumours were treated with saline,
LND, TMZ, or LND + TMZ for five consecutive days. In vivo longitudinal MRI included diffusion weighted
imaging (DWI), and lactate-edited ¹H-MRS and the results were confirmed with immunohistochemistry
for MCT4 expression. In vitro, acute and chronic bioenergetic reprogramming of GL261 cells was
assessed. A significant decrease in lactate was observed in the LND and LND + TMZ groups indicating a
change in their glycolytic flux. This metabolic shift was consistent with a marked reduction in MCT4
protein, the lactate transporter. In vitro bioenergetic profiling revealed an acute decrease in mitochondrial
respiration, with partial recovery at later time points. Although a limited therapeutic benefit of addition
LND to TMZ was observed, its tumour-selective activity and effect on tumour microenvironment seems
promising and its long-term effects on tumour development should be investigated as part of an
optimized combination strategy for TMZ treatment.

Introduction
Glioblastoma (GBM) is the most malignant primary brain tumour in adults, characterized by rapid growth,
diffuse invasion, and resistance to conventional therapies. Even with advances in resection surgery,
radiotherapy, and chemotherapy, the median survival for GBM patients remains around 15 months from
the date of initial diagnosis [1]. Temozolomide (TMZ), an oral alkylating agent, is currently the only
approved chemotherapeutic agent that is used as an adjuvant to radiotherapy as well as for
maintenance therapy. TMZ is cytotoxic, primarily acting through methylation of guanine at the O6
position, resulting in DNA damage and apoptosis [2]. Despite its use in current standard of care for GBM,
the clinical utility of TMZ remains constrained by rapid pharmacokinetic clearance, suboptimal
intratumoral drug accumulation [3–5], and multifaceted resistance mechanisms rooted in the molecular
heterogeneity of GBM [6]. Resistance to TMZ also arises from other mechanisms, including enhanced
DNA repair, anti-apoptotic signalling, and metabolic reprogramming. For instance, TMZ-resistant cells
demonstrate a heightened reliance on glycolytic flux, supported by GLUT3 overexpression, to fuel
antioxidant defences and drug efflux compared to sensitive counterparts, which allow tumour cells to
tolerate cytotoxic stress. Even in tumours that initially respond, resistance invariably develops during
treatment, leading to recurrence and poor prognosis [7, 8].

Bevacizumab is the only other FDA-approved systemic therapy for recurrent GBM besides TMZ, but
recent data showed that it does not improve overall survival [9]. Hence, there is a desperate need for a
new therapeutic approach to overcome TMZ associated resistance.

The tumour microenvironment (TME) is a complex ecosystem where interactions between the tumour,
stromal and immune cell populations promote adaptive responses including metabolic reprogramming,
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immune evasion, and enhanced DNA repair capacity [6, 11, 12]. Altered energy metabolism in the tumour,
specifically the Warburg effect, generates lactate, leading to extracellular acidification. This promotes
angiogenesis, immune evasion, and invasion, aiding further proliferation and reduced host survival [13].
Furthermore, the TME has additional distinctive microenvironmental cues that vary based on tumour
type, tissue, and stage such as oxygen levels and pH. Therefore, altering energy metabolism and tissue
pH could represent a strategy to increase the effectiveness of drugs such as TMZ, which is also pH-
sensitive and activated at physiological pH [14, 15]. In this context, the identification of metabolic
vulnerabilities linked to TMZ resistance represents a viable therapeutic avenue.

We have previously demonstrated that targeting the choline metabolism in GBM using MN58b in
combination with TMZ, is cytostatic with reduced tumour cell proliferation [10]. We therefore aimed to
explore modulation of other metabolic processes as potential therapeutic targets for treatment of
resistant and recurrent GBM. Lonidamine (LND) is a metabolic inhibitor that disrupts mitochondrial
respiration and lactate efflux through inhibition of hexokinase II, the mitochondrial pyruvate carrier
(MPC), and monocarboxylate transporters (MCT1/4), potentially in a dose-dependent manner (notably,
the IC50 for MPC inhibition is approximately one order of magnitude lower than that required for the
inhibition of the MCTs) [16, 17]. LND possesses the capability to sensitize chemotherapy and
radiotherapy by depleting cellular ATP and inducing intracellular acidification, thereby hindering
processes essential to DNA synthesis, repair together with cell proliferation and survival [15, 16]. While
LND alone has been shown to have modest antitumour activity in GBM [18], we hypothesised that its
metabolic and pH-altering actions can modulate TMZ activation, uptake, and potency within cancer cells
and affect also the TME. LND also displays favourable pharmacological characteristics for cancer
treatment compared to other conventional anticancer agents; it does not cause bone marrow
suppression, alopecia, or mucosal necrosis, and lacks mutagenic effects on somatic and germline cells
[19]. Furthermore, LND demonstrates tumour selectivity at doses below 400 mg/m² with minimal toxicity
in normal tissues [18], making it an attractive adjuvant for multimodal therapy. Since LND induces
tumour de-energisation by depleting intracellular ATP, it may suppress energy-dependent efflux
mechanisms, thereby enhancing TMZ retention and activity [19, 20].

Glycolysis is a key metabolic process for cancer cells. Indeed, through increased glycolytic flux, cancer
cells generate building blocks for cell replication, de novo amino acids, lipids and NADPH to maintain the
redox balance (21). More recently, it has been proposed that the enhanced glycolysis observed in cancer
cells is also key for NAD+ regeneration with hexokinase localisation being an important regulator of the
glycolytic switch observed in cancer (22, 23). Changes in intracellular and extracellular acidification,
bioenergetic and anabolic alterations together with redox imbalance derived from disruption of
glycolysis by LND could inhibit DNA repair and drug resistance pathways, whereas TMZ induces
cytotoxicity through DNA alkylation. A combination of treatment with LND and TMZ could therefore
provide a synergistic treatment efficacy, addressing both genomic and metabolic vulnerabilities and
delaying the onset of treatment resistance [24, 25].
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This study aims to evaluate the therapeutic efficacy of combining LND and TMZ in vivo using a GL261
GBM syngeneic mouse model and in vitro using GBM cell lines. We utilised multiparametric MRI,
including T2-weighted imaging, intra voxel incoherent motion (IVIM)-DWI, conventional ¹H-MRS, and
lactate-edited MRS, to examine microstructural and metabolic alterations throughout treatment. We
hypothesized that metabolic modulation by LND alters cancer cell’s metabolic features, thereby
influencing TMZ activation and its therapeutic efficacy. A better understanding of this interaction may
inform the development of combination strategies to improve GBM treatment.

Materials and Methods
All animal experiments were carried out in compliance with the UK Animals (Scientific Procedures) Act
1986 as amended in 2012 and were approved by the University of Liverpool Animal Welfare and Ethical
Review Board. All experiments are reported following ARRIVE principles. A total of 84 male C57BL/6
mice (Charles River, UK; age:8–12 weeks, weight:18–22g) were used in the study; tumours were
successfully established in 64 animals, while 20 animals either failed to develop tumours or were
euthanized prior to imaging. Male mice were used to enable comparison with prior GL261/TMZ and TMZ
combination therapy studies [10, 26, 27], and to reflect the 1.6-fold higher incidence of GBM in male
patients [28]. The animal was anaesthetized using 2% isoflurane in O2, and a rectal probe and respiratory
pillow were used to monitor body temperature and breathing rate. The animal was secured using a
stereotaxic frame, and a burr hole drilled 2.0 mm posterior to the bregma and 1.5 mm to the right. GL261
GBM cells (2.5×105; ATCC, USA) suspended in 5µL of serum-free media were injected into the right brain
cortex at a depth of 2.0 mm from the surface.

Drug treatment of mice bearing GL261 GBM
Animals that successfully developed tumours (n = 64) were randomly divided into four groups: saline
control (n = 20), LND (n = 15), TMZ (n = 15), and a combination therapy group (LND + TMZ, n = 14). The
sample size was determined based on group sizes used previously [10, 29]. All animals received their
treatment regimen every day for five consecutive days. Treatment commenced when tumours exceeded
2.0 mm in diameter, typically 10 days post-implantation, with tumour diameter assessed using MRI. The
control group received intraperitoneal injections of saline, the LND group received 100 mg/kg of LND
intraperitoneally [30], the TMZ group received 50 mg/kg TMZ orally via gavage [28], and the combination
(LND + TMZ) therapy group received both LND and TMZ treatments as above. The dosing schedule and
treatment duration were selected based on previously established preclinical GBM studies that
demonstrated metabolic and therapeutic responses to LND and TMZ in mice [30–36].

MR Scanning
A 9.4 T Bruker 94/20USR scanner equipped with 440 mT/m imaging gradients was used for all imaging
studies (Bruker BioSpin, Germany). An 86 mm quadrature birdcage coil was used for transmission, and a
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4-channel phased array surface coil for signal reception (Bruker BioSpin, Germany). Animals were
anaesthetized and monitored as described above, with body temperature maintained using a heated
water blanket; respiration rate and body temperature was monitored throughout the scanning process
using an SA Instruments monitoring unit (SA Instruments, NY, USA). Animals were scanned at baseline
(day 0), during therapy (day 3), and at the end of treatment (day 6). T2-weighted images, single voxel
PRESS spectra (with/without water suppression), single voxel ISIS-SelMQC spectra (single, and
zero+double quantum) and IVIM-DWI images were acquired at each time point. To monitor tumour
volume and for spectroscopic voxel placement, T2-weighted (RARE) images were acquired (TR/TE/echo

spacing = 3497/33/11 ms, 2 averages, 33 slices, 0.3 mm slice thickness, FOV=25x25mm2, 256×256
matrix, RARE factor = 8, BW = 42 kHz, acquisition time = 3 minutes 50 seconds per scan). A 2x2x2 mm³
PRESS voxel was placed within the tumour, field map-based shimming was performed to ensure FWHM 
< 20 Hz (Mapshim, Bruker), and a 1H spectrum acquired (TR/TE = 2000/16.5 ms, 200 averages, 2048
points, spectral width = 4401 Hz, VAPOR water suppression, acquisition time = 6 minutes 40). Using the
same voxel location and dimensions, an ISIS-SelMQC sequence was used to detect the lactate signal
[34, 35]. Sequence parameters were TR = 2000 ms, 32 averages, 2048 points, 8012 Hz spectral width,
acquisition time = 8 minutes 32 seconds per scan. IVIM DW-MRI was acquired employing a spin echo
sequence with segmented echo planar imaging readout (TR/TE = 1800/24.67 ms, no. of segments = 6,
FOV = 20×20 mm2, 96x96 matrix, 1.0mm slice thickness, 1 mm slice gap, 8 slices, no. of averages = 2,
diffusion gradient duration/separation = 4.5/10.6 ms, acquisition time = 15 minutes 50 seconds per
scan). Axial images were acquired with 5 A0 images and 13 b-values (20, 30, 40, 50, 60, 80, 140, 230, 350,

570, 840, 1120, 1460 s/mm2) in 3 orthogonal directions. The total imaging time per animal at each time
point was approximately 40 minutes including setup and shimming.

Data Analysis
Tumour volumes were measured from the T2-weighted images by manually contouring the tumour

boundaries on each slice utilizing ITK-Snap (version 4.2.0; www.itksnap.org) The areas of the contoured
region were multiplied by the slice thickness to calculate tumour volume.

PRESS data were preprocessed using jMRUI 5.2 (www.jmrui.eu), including residual water removal
(HLSVD) and apodization [39–41]. A metabolite basis set (including tCho, NAA, Glx, Lip + Lac, tCr, mI + 
Gly, and additional metabolites) was simulated using the NMRScope tool within jMRUI [42], and
metabolite resonances were fitted using the QUEST algorithm [43, 44]. Further details of the PRESS-MRS
spectral processing, fitting procedures, and basis-set simulation have been described previously [45].
Cramér–Rao lower bound (CRLB) criteria were employed to evaluate the quality of the fitting. A threshold
of 20% was employed for CRLB; fitted metabolite resonances that had a CRLB above this value were
deemed poorly fitted and excluded from further analysis. The integrals of the water and lactate signals
wee integrated from the single quantum, and zero + double quantum, SelMQC spectra using Topspin
v.3.1 (Bruker). The ratio of the lactate/water integrals was used as a relative measure of lactate
concentration.
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Parameter Calculation
IVIM-DWI data were processed using an in-house pipeline developed in MATLAB 2021a (MathWorks,
USA). The data were fitted on a pixel-by-pixel basis using the Levenberg-Marquardt algorithm [46]. Voxel-
wise values of IVIM-DWI parameters D, D*, and f were calculated. The IVIM-DWI and T2-weighted images
were used to identify imaging slices containing the tumour, and a region of interest (ROI) was manually
contoured to cover the entire tumour; ROIs used for IVIM parameter estimation were manually delineated
on the b = 0 image from the EPI sequence.

Seahorse Mito Stress Test Assays
The Seahorse assay enables real-time measurement of cellular bioenergetics by simultaneously
quantifying mitochondrial respiration and glycolytic rate [47]. An XFe96 Seahorse Extracellular Flux
Analyzer (Agilent Technologies; Santa Clara, CA, USA) was used to assess mitochondrial respiration and
glycolytic rate by measuring oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
of GL261 GBM cells via the Mito Stress Test Assay. Seahorse XF Base Medium was supplemented with
4.5g/L glucose, 2mM glutamine and 1mM sodium pyruvate to match the cell culture media. The
Seahorse assay media was prepared at pH 7.4 following the manufacturer’s instructions. Cells were
seeded in XF96 microplates at a density of 26,000 cells per well (12 replicate wells per treated group)
and allowed to adhere overnight. To assess acute changes in respiration due to treatment (~ 30 mins),
three basal OCR and ECAR measurements were taken in a repeating 3-0-3 mix-wait-measure cycle, with
each cycle consisting of 3 minutes of mixing to equilibrate the assay medium, 0 minutes of waiting, and
3 minutes of active data measurement. After basal measurements, LND, TMZ and LND + TMZ (350 µM,
150 µM, and 350 + 150 µM, respectively) were injected into the wells, and measurements taken for 20
minutes. Then, 1 µM oligomycin (inhibitor of mitochondrial ATP synthase) was injected into the wells,
and three measurements were taken. Next, 0.5 µM FCCP (uncoupler of the proton gradient across the
inner mitochondrial membrane to drive oxygen consumption to its maximum capacity) was injected and
three measurements were taken. Lastly, a combined rotenone/antimycin A solution (1 µM each) was
added to inhibit Complexes I and III, thereby allowing for the quantification of non-mitochondrial oxygen
consumption over three measurements. For chronic treatment conditions, cells were pre-treated with
LND and/or TMZ, either as single agents or in combination, for 24 h or 72 h prior to Seahorse analysis,
for low (LND: 175 µM, TMZ: 75 µM and LND + TMZ: 175 µM + 75 µM) and high dose regimens (LND: 350
µM, TMZ: 150 µM and LND + TMZ: 350 µM + 150 µM). These drug concentrations were based on similar
experiments reported earlier using LND and TMZ [17, 48]. Metabolic rates (OCR and ECAR) were
recorded throughout the assay and then normalised to total protein content determined by a BCA assay.
This normalisation expresses metabolic activity per unit biomass, ensuring that these metabolic
readouts are biologically meaningful rather than just technical outputs. JATPglyc (the glycolytic ATP
production rate derived from ECAR) and JATPox (the mitochondrial ATP production rate derived from

OCR) production rates were calculated (in units of pmol ATP/min/µg protein) using the method
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described by Mookerjee et al., [49] which converts extracellular flux measurements into ATP production
rates by accounting for proton production and buffering capacity.

Histology and Immunohistochemistry
Following completion of treatment and imaging on day 6, three animals from each group were sacrificed
via an intraperitoneal injection of 3 mL/kg pentobarbital sodium (Euthatal, Merial Animal Health Ltd,
Harlow, UK). The aorta beneath the diaphragm was severed by making an incision into the abdomen
along the mid-ventral line. A 25-gauge needle attached to an extension tube was inserted into the heart’s
left ventricle and secured with a clamp. The heart was initially perfused with 30 mL of PBS, followed by
30 mL of 4% Formalin (Sigma-Aldrich, St. Louis, MO). Brains were then extracted and immersed in 4%
formalin for fixation. Fixed brains were embedded in paraffin and sliced in approximately 2 mm-thick
transverse sections at the tumour site. Hematoxylin and eosin staining was performed on 4 µm thick
slices containing tumours and adjacent brain tissue. An average number of mitotic figures was
computed per high power field (HPF: 400x magnification; ocular FN: 22; objective 40×/0.65HPF). The
mitotic index was evaluated as the number of mitotic figures in five randomly selected HPFs at the
interface of the tumour and the surrounding brain (infiltrating margin).

For immunohistochemistry (IHC), formalin-fixed paraffin-embedded sections were placed in a BOND-
MAX Automated Immunohistochemistry Vision Biosystem (Leica Microsystems GmbH, Wetzlar,
Germany) for standardized staining. First, tissues were deparaffinized and subjected to heat-induced
antigen retrieval using Epitope Retrieval Solution 2 (EDTA-buffer pH 8.8) at 98°C for 20 min. Following
washing, peroxidase blocking was carried out for 10 min using the Bond Polymer Refine Detection Kit
DC9800 (Leica Microsystems GmbH).

Following a second wash, tissue sections were incubated with the primary antibody against MCT4
(recombinant rabbit monoclonal [EPR28177-30], 1:200) for 30 min. This was followed by incubation with
a polymer for 10 min. The reaction was visualized with 3,3'-diaminobenzidine (DAB-Chromogen) for 10
min to produce a brown chromogenic precipitate. Sections were then counterstained with Haematoxylin
for 5 min, rinsed in deionized water for 5 min, dehydrated and coverslipped. For IHC quantification,
MCT4-stained slides were digitized using an automated high-resolution digital slide scanner at 20×
magnification. The resulting whole-slide image analysis was undertaken using QuPath software (v.0.5.1).
Briefly, the tumour area was manually annotated as the region of interest (ROI), ensuring inclusion of the
tumour area while excluding healthy brain parenchyma. Cells within the ROI were identified and
categorized based on the intensity of the 3,3’-diaminobenzidine (DAB) reaction product, which marks the
site of MCT4 protein expression. Positive cell detection parameters were applied uniformly across all
experimental groups to ensure consistency. To provide a granular assessment of protein expression,
cells were classified into four intensity categories based on their DAB signal: negative (blue), weak
(yellow), moderate (orange), and strong (red) staining. The QuPath software automatically calculated the
total cell count and the percentage of cells within each intensity category for the entire ROI. These
classifications were then utilized to calculate a quantitative H-score for each sample.
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Statistical analysis
Analysis of Variance (ANOVA) was performed to evaluate differences among treatment and control
groups (% change in tumour volume, IVIM parameters, and metabolite ratios on day 3 and day 6 with
respect to baseline values). Bonferroni’s post hoc test was used to adjust the p-value, accounting for the
total number of comparisons made. The overall percentage survival was estimated using Kaplan-Meier
curves. MATLAB and Prism version 10.2.0 (GraphPad, USA) were employed for all analyses. Data are
presented as mean and ± standard deviation (SD), and differences in groups were considered
statistically significant if p < 0.05.

Results

Tumour Volume Assessment
Tumour volume was monitored by T2-weighted MRI (Fig. 1A), normalized to baseline volumes for group
comparisons and reported as a percentage change on days 3 and 6 (Fig. 1B). At baseline, the tumour
volumes for the saline control (3.3 ± 3.1 mm3), LND (3.1 ± 2.6 mm3), TMZ (2.6 ± 2.3 mm3), and LND + 
TMZ (3.2 ± 1.9 mm3, Table 1) were not significantly different (p > 0.05). On day 3, all groups exhibited
moderate tumour growth, with no significant differences between groups (Table 1). After 6 days of
treatment, tumour volume had increased in all groups: Saline (21.1 ± 17.1 mm3), LND (21.9 ± 9.97 mm3),
TMZ (20.5 ± 16.7 mm3), and LND + TMZ (18.5 ± 9.72mm3), Table 1. Taken together, the acute effect of
the combined treatment does not alter the tumour volume of GBM in vivo.

Survival
Survival was assessed via Kaplan–Meier analysis (Fig. 1C). The control (grey) and LND monotherapy
(red) groups had the lowest survival rate, reaching nearly 60% mortality by day 6 in both groups The TMZ
group (blue) showed improved survival compared to the control and LND groups (80%), the LND + TMZ
combination group (green) exhibited a promising trend of improved survival, even though this was not
statistically significant, showing a delayed onset of mortality relative to the other groups with 100%
animals surviving up to day 4 (Fig. 1C).

Metabolic Alterations Assessed by ¹H-MRS and Lactate-
Edited MRS
¹H-MRS demonstrated notable changes in tumour metabolism with treatment. While lactate signals
assessed using ISIS-SelMQC edited MRS were comparable in all cohorts (saline control, LND, TMZ and
LND + TMZ) at day 0 (Fig. 2.B-E), the lactate/water ratio was significantly lower in LND and LND + TMZ
treated groups than saline control and the TMZ treated group at days 3 and 6 (p < 0.05 in all cases, Fig.
2.B-F, Table 1). Following treatment with LND or LND + TMZ, the lactate resonance was undetectable at
days 3 and 6. TMZ only treatment group had no significant change in lactate/water ratio compared to the
control group across all timepoints (p > 0.05, Fig. 2F). tCho/NAA ratio was significantly lower in both the
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TMZ only and LND + TMZ treatment groups relative to the saline control group on day 6, with the largest
difference observed in the LND + TMZ treatment group (1.46 ± 0.15 and 1.41 ± 0.34 vs. 1.92 ± 0.44; p < 
0.05; Table 1, Fig. 3A).

Diffusion and Perfusion Imaging with IVIM-DWI
IVIM-DWI-based parameters were normalized to baseline values for comparison between treatment
groups. D, D*, and f were not significantly different between treatment groups either at day 3 or at day 6
(p > 0.05, Fig. 4C, Table 1). In the presence of metabolic differences resulting from differing treatment
strategy evidenced by MRS, the lack of significant variation in D, D*, and f values with treatment indicates
IVIM parameters are less responsive to early therapeutic changes under the treatment regimen used in
this study.

Seahorse Mitochondrial Stress Test Assay
Since the in vivo results showed a significant reduction in lactate (Fig. 2) at early time points (3–6 days),
we measured the effect of the combination of LND and TMZ in vitro using GL261 cells to understand if
this effect is caused by bioenergetic changes specifically in the tumour cells. Figure 5 shows
representative OCR and ECAR profiles of GL261 cells with LND alone or in combination with TMZ after
acute (~ 30 min) to capture immediate drug responses, and chronic treatment (72 hrs) that mimics the
timeline of the changes observed in vivo.

This assay enables estimation of the balance between glycolytic flux, mitochondrial oxidative
metabolism for ATP generation together with measurement of cellular respiration (oxygen consumption
rate OCR) as a readout of the mitochondrial functioning and extracellular acidification rate (ECAR) mainly
linked to lactate production. In the acute phase of treatment (Fig. 5A), all treatment groups exhibited a
similar basal respiration rate (values expressed in pmol O2 / min / µg protein), and therefore
mitochondrial activity, prior to drug administration (control: 9.13 ± 2.53; LND: 8.20 ± 3.33, p > 0.05; TMZ:
9.38 ± 2.33, p > 0.05; LND + TMZ: 7.28 ± 2.35, p > 0.05, Table 2). Following acute treatment (~ 30 min),
cells exposed to high concentrations of LND either alone, or in combination with TMZ, demonstrated a
significant reduction in JATPox values (expressed in pmol ATP / min / µg protein) calculated from oxygen
consumption rate (OCR) relative to control and TMZ alone treated GL261 cells (LND: 12.75 ± 14.73; LND 
+ TMZ: 10.48 ± 7.78 vs. Control: 43.78 ± 12.51 and TMZ: 44.78 ± 11.60; p < 0.0001; Table 2, Fig. 6A). TMZ
treatment alone did not significantly alter JATPox relative to control. Even though not significant, JATPglyc

values from glycolysis, calculated using the extracellular acidification rate (ECAR), showed a marginal
increase in JATPglyc values (expressed in pmol ATP / min / µg protein) following LND treatment that was
absent in control or TMZ-only treated cells (LND: 6.75 ± 2.80; LND + TMZ: 6.33 ± 2.73 vs. Control: 2.85 ± 
3.60 and TMZ: 1.15 ± 1.00 ; p > 0.05), suggesting a potential temporary compensation by glycolysis
(Table 2) consistent with higher ECAR value observed in Fig. 5A. In the chronic treatment experiments
(24 h and 72 h treatment), JATPox values in LND- and LND + TMZ-treated cells increased relative to their
respective acute time points at high drug concentrations by approximately 182% at 24 h (36.1 ± 19.8)
and 194% at 72 h (37.5 ± 17.8) in the LND group, and 198% at 24 h (31.2 ± 20.6) and 196% at 72 h (31.1 ± 
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8.68) in the LND + TMZ group, suggesting a partial recovery in mitochondrial oxidative metabolism
following inhibition with LND, although these increases did not reach statistical significance (p > 0.05)
(Fig. 6B, Table 2). For cells treated with the lower concentration of LND at both 24 and 72 h time points,
JATPox values approximately doubled in the LND and LND + TMZ groups compared to the high
concentration treatment groups (Fig. 6C, Table 2) suggesting a concentration dependence for the
treatment effect. JATPox in both the LND and LND + TMZ groups values under chronic treatment
conditions were not significantly different from control or TMZ treated cells, indicating metabolic
recovery over time. No significant differences in glycolytic ATP production (JATPglyc) were observed in the

LND or LND + TMZ groups compared to control or TMZ treated cells under chronic conditions.

Histopathological analysis
Histological analysis for cell proliferation (mitotic index) and protein expression (MCT4 H-score) was
performed after the final imaging time point (day 6) on three animals from each group. Representative
stains and corresponding digital intensity heatmaps are shown in (Fig. 7A).

While not statistically significant, a lower mitotic index was observed for TMZ and LND + TMZ-treated
animals relative to both control and LND-treated animals. (Table 2, Fig. 7B, left). However, a marked
lower level of MCT4 protein expression was observed in groups receiving LND. Specifically, the MCT4 H-
score was significantly lower in the combination (LND + TMZ) therapy group compared to the saline
control (7.33 ± 1.24 vs. 67.2 ± 15.7; p < 0.05, Table 2, Fig. 7B, right), representing suppression of MCT4
expression in response to LND treatment.

Notably, LND monotherapy also demonstrated a substantially lower level of MCT4 expression (25.1 ± 
19.1) compared to both saline and TMZ monotherapy, albeit not statistically significant (Table 2, Fig. 7B,
right). These results indicate that treatment with LND and reduce lactate levels in the TME might be
linked to reduced MCT4 expression and subsequent reduced release of lactate in the TME by cancer
cells.

Discussion
In this study, we explored the use of inhibitors targeting cancer cell metabolism as part of an adjuvant
strategy to maximise the effect of TMZ in GBM and mitigate the risk of chemoresistance. Specifically, we
investigated the effect of LND as an adjuvant to TMZ in the treatment of GL261 GBM. We observed that
treatment with LND, either in isolation or in combination with TMZ, resulted in a significant reduction in
tumour lactate levels to below detection limits in vivo within a short timeline (3–6 days). Such an effect
starts to be become apparent after three days of treatment, while no significant change in other
measured metabolites or MRI parameters was observed. As we only used a specified dose regimen, we
cannot fully describe the underlying mechanism or assess all the consequences of this lactate
reduction. However, we postulate that the decrease in lactate could be driven by a direct effect of LND on
cancer cells or be due to the result of broader reprogramming of the tumour microenvironment.
However, within this short time period, the treatment does not reduce tumour growth or improve animal
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survival. These results suggest that changes in lactate levels arise earlier but assessing their full impact
on the tumour development might require a longer timeline and could involve other cells present in the
TME such as glioma stem cells (GSCs) and immune cells.

Intriguingly, on day 6 post-treatment, we also observed significantly lower tCho/NAA ratios in both the
TMZ and combination therapy groups relative to control tumours, with the combination therapy group
exhibiting the larger effect. The LND-only group revealed a modest change in tCho/NAA. The markedly
lower tCho/NAA ratio in only the TMZ-treated cohorts suggests that the decline in tCho/NAA is primarily
due to TMZ, and it is consistent with our previous study [10].

To assess if the effect of the LND on lactate is driven primarily by cancer cells, we studied the
bioenergetics of the GBM cells in vitro in the presence of LND and TMZ. A critical challenge for the
interpretation of these results is the inherent metabolic plasticity of cancer cell, and particularly GBM
cells. Tumours can readily shift between glycolysis and oxidative phosphorylation (OXPHOS) based on
microenvironmental conditions, or maintain a hybrid metabolic state [12, 50, 51]. This adaptability
enables drug resistance to both glycolytic inhibitors and DNA-damaging agents [8]. LND has been shown
to exert cell-line–dependent metabolic effects as reported in melanoma (DB-1 > WM983B) and prostate
cancer (PC3 > CWR22Rv1) models, with more “energetic” tumour phenotypes exhibiting greater ATP
depletion and chemo-sensitisation than less energetic lines following LND treatment [33, 34]. These
studies demonstrated LND to consistently precipitate an acute mitochondrial crisis marked by a lower β-
NTP/Pi ratio observable with 31P-MRS, and suppressed JATPox in Seahorse assays. This was

accompanied by a transient compensatory increase in JATPglyc and consequent intracellular lactate/H⁺
accumulation due to impaired MCT1/4-mediated export [33, 34]. Such observations are in agreement
with our findings of impaired mitochondrial ATP production in the acute phase of treatment in vitro
where we observed a transient increase in glycolytic activity, consistent with disrupted ATP homeostasis,
and metabolic stress. This is likely due to the dose-dependent effect of LND on the pyruvate transporter.
Importantly, as in the work by Orlovskiy et al., our in vitro data show that tumour cells that survive the
initial treatment with LND reprogramme their bioenergetics to a more OXPHOS-dependent state with
reduced glycolytic contribution, often replaced by alternative substrates, such as glutamine or fatty
acids, and associated metabolic plasticity [34, 52–54]. This could also represent another therapeutic
dependency worth exploring.

The reduction in lactate that we observed in vivo is also compatible with a decrease in expression of
lactate transporter MCT4. MCT4 overexpression is a recognized hallmark of a glycolytic cancer
phenotype and LND treatment induced a marked inhibition of MCT4 transporter expression within the
tumour tissue, particularly in the combination therapy group. It should be noted, however, that while
MCT4 is a primary exporter of lactate from glycolytic cells, lactate export is a process that can also be
mediated by other MCT isoforms, such as MCT1, which might be highly plastic and dependent on the
metabolic state and pH gradient of the tumour microenvironment. These findings also propose LND’s
specificity for MCT4 (within the range of the concentrations used in the study), confirming that its
metabolic impact might be directly mediated from the targeted disruption of this lactate exporter. Our in
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vitro and in vivo data support the idea that LND primarily induces metabolic reprogramming rather than
sustained energetic collapse, or inhibition of DNA repair. The resulting low-proliferation, OXPHOS-
dominant, state is likely to be less susceptible to TMZ-induced replication-dependent cytotoxicity [55,
56], which may explain why LND failed to enhance TMZ efficacy despite significant metabolic
modulation, specifically in glycolysis. This interpretation is consistent with reports in prostate cancer,
where LND induced remarkable metabolic changes yet did not confer additional therapeutic benefit
when combined with radiotherapy [31]. Taken together, our data suggest that LND decreases
mitochondrial respiration followed by a transient increase in extracellular acidification while chronic LND
showed a mitochondrial recovery increase of respiration after 3 days, compatible with a LND's biphasic
effects in GBM. In vivo, the main biochemical highlight of LND after 6 days post-treatment is the
decrease of lactate in the tumour and TME. While an acute MPC blockade could impair pyruvate
oxidation and affect the cellular oxidative metabolism, the suppression of MCT4 impairs lactate release
as part of a more complex metabolic adaptation. As shown by the dramatic downregulation of MCT4
export machinery, surviving GBM cells may downregulate glycolysis, and consequently pyruvate
generation, to limit intracellular lactate accumulation and finally avoid aberrant intracellular acidosis.
Glucose re-routing into upstream pathways such as the Pentose Phosphate Pathway (PPP), and
serine/glycine synthesis, and other anabolic processes is key for cancer cells, shifting mitochondrial ATP
production to other substrates such as glutamine or fatty acids. This rewiring sustains proliferation, and
it is possible that the consequences of these alterations require more time to impact tumour growth in
vivo, explaining LND's lack of antitumor efficacy despite significant metabolic perturbation. The
Seahorse Extracellular Flux analysis enables real-time, non-invasive measurements of OCR (JATPox) and
ECAR (JATPglyco), allowing comprehensive metabolic profiling of drug responses in cells [47, 57]. Future
studies should employ Seahorse Fuel Flex assays to determine compensatory substrate utilization (e.g.,
glucose, glutamine, fatty acids), as well as use 13C MRS for an assessment of pyruvate to lactate
conversion, both of which may help guide rational co-targeting strategies. In this context, it would be
critical to test the effect of LND in vitro at 6 days to compare those results with those obtained in vivo
and also measure the lactate levels and LND impact on the tumour growth in vivo at longer end-points to
have a complete evaluation of the LND efficacy.

Our findings also underscore the importance of tumour metabolic plasticity and suggest that LND
treatment may also require optimized regimens or co-targeting of the processes that use other
substrates (glutamine or fatty acid oxidation metabolism) to fuel GBM growth [58].

Previous studies have reported that IVIM-derived parameters can serve as early biomarkers of response
to treatment in IDH-wildtype GBM treated with chemoradiation, even when conventional diffusion or
perfusion measurements did not evidence treatment response [59]. This suggests that IVIM-DWI has the
potential to detect subtle microstructural or physiological changes before anatomical or volumetric
changes become apparent. However, despite considerable metabolic changes, no significant differences
were observed in tumour volume, survival or IVIM-derived parameters (D, D*, f) between treatment
groups in the present study. These results likely indicate a state of metabolic stress or early adaptive
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cellular reprogramming in response to therapy, rather than cytotoxicity. LND treatment did not
significantly alter perfusion-related IVIM metrics (D*, f), consistent with previous studies using laser
Doppler imaging that detected no significant changes in systemic blood flow after LND administration
[60]. This implies that, LND treatment with the dose regimen used in our study does not exert significant
effect on tumour vasculature, and that its metabolic inhibitory effect is independent of changes in
tumour perfusion. Treatment with TMZ did not demonstrate significant changes in IVIM-perfusion-
related parameters compared with other cohorts, consistent with previous in vivo and in vitro studies [10,
61].

An interesting observation of our study is the absence of an additive effect in the combination group,
which may be explained by the known relationship between intracellular pH and the activation of TMZ.
Although TMZ is chemically stable under acidic conditions, conversion to MTIC, its active form, is
achieved through base-catalysed hydrolysis, which is optimal at physiological pH (~ 7.4) [62]. To
elucidate the role of pH on the antitumor effect of TMZ, Stéphanou and Ballesta developed a
mathematical model using U-87 MG cells. In this model, the cellular, spatial and pH heterogeneity of the
tumour microenvironment were examined. The authors found that, in all scenarios, optimal TMZ efficacy
was obtained when the pH of tumour cells was close to physiological pH values [62]. Even though we did
not directly measure intracellular pH (pHi) in our study, previous literature utilising 31P-MRS has firmly
established that LND induces acute significant intracellular acidification in tumour cells [20, 30, 33, 34,
60]. While this initial intracellular acidification is effective in disrupting tumour metabolism, it could
paradoxically inhibit TMZ activation during this early phase. This may account for the absence of
additive treatment efficacy in the combination treatment group. These observations point to the need for
31P-MRS as an additional readout since it can aid in quantifying ATP, phosphocreatine and intracellular
pH (pHi), which may enable the optimal timing and sequencing of combination therapies [60; 63].

In GBM, MGMT promoter methylation status and mismatch repair (MMR) integrity are key determinants
of TMZ sensitivity [64–67]. These molecular characteristics were not assessed in the GL261 model used
in this study. Given the suboptimal response to TMZ observed here, future studies should incorporate
MGMT and MMR profiling to better interpret TMZ sensitivity and evaluate potential combination effects
with LND. Lactate is a reactive molecule capable of a novel protein post-translational modification called
lactylation [68]. The impact of this on the broad epigenetic status of the cancer cells including indirect
effects on DNA methylation is still unexplored.

Collectively, our results highlight the sensitivity of non-invasive metabolic imaging in identifying post
treatment changes, even in the absence of volumetric changes. The rapid suppression of lactate and
decrease in choline metabolism indicate that LND and TMZ are capable of inducing early metabolic
stress in GBM, even though they may not have the desired therapeutic effect with the present treatment
protocol. These results validate the practicability of incorporating MRS and IVIM-DWI into standard
preclinical workflows. The results suggest longer treatment regimens or adjusted dosing schedules may
be needed. Alternatively, rational combination strategies simultaneously targeting multiple metabolic
pathways in GBM could help to overcome metabolic plasticity, increase tumour vulnerability, and
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ultimately enhance overall therapeutic efficacy. The observed metabolic adaptations in GL261 tumours
suggest that this model recapitulates key features of the metabolic plasticity and therapy resistance
characteristic of clinical GBM, highlighting its value as an appropriate preclinical tool for investigating
mechanisms of treatment resistance.

The dose regimen used for LND in this study was based on previous work on subcutaneous tumour
models [30], which may not fully capture the complexity of orthotopically implanted intracranial GBM.
The blood-brain barrier likely limits drug penetration and lowers effective concentrations in the tumour,
potentially explaining the limited treatment success observed in our study. Additionally, the aggressive
nature of the GL261 model necessitated a short imaging window, restricting evaluation of long-term
treatment effects. Future work could investigate using lower tumour implantation loads allowing a
longer study period to better observe survival, and lasting metabolic changes with LND + TMZ treatment.

These data were obtained from an established rodent GBM cell line, which develops large tumours within
a short period. While such models are useful for rapid experimental evaluation, their accelerated growth
rate limits how well they represent the human GBM. Therefore, extrapolating these findings to the clinical
setting should be performed with caution. Future studies could consider using human-derived xenograft
models, such as U251, which may more closely mimic the time course of tumour growth and therapy
resistance characteristic of human GBM. PDX models also present substantial challenges, as they rely
on immune-deficient rodents and therefore fail to fully recapitulate the tumour–immune interactions and
microenvironmental complexity of human tumours.

Conclusion
Our findings indicate that magnetic resonance spectroscopy (MRS) can detect early metabolic
alterations induced by LND + TMZ treatment. Our data suggest that more time is required to evaluate the
long-term consequences of the lactate decrease observed in the tumour microenvironment in vivo which
was detected as early as day 3 and remains sustained through the last imaging time point at day 6 (end
of treatment). LND tumour-selective activity and low toxicity toward normal tissues highlight its potential
as a valuable adjunct to TMZ therapy which should be further characterised. By preferentially targeting
tumour metabolism, LND may enhance treatment efficacy while reducing the risk of off-target toxicity,
supporting its continued evaluation in combination therapeutic strategies.
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Figure 1

A. Representative axial T2-weighted MR image from a mouse with a delineated tumour region of interest
(magenta). B. Box plots showing percent change in tumour volume relative to baseline on days 3 and 6
across treatment groups. C. Kaplan-Meier survival curves showing the percentage survival for each
treatment group.
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Figure 2

A-F:  Representative position of a spectroscopic voxel (red) overlaid on a T2-weighted image (A). Lactate-

edited ISIS-selMQC spectra from each treatment group on days 0, 3 and 6 (B-E). Percentage change in
lactate/water ratio, measured at day 3 and day 6, relative to day 0, for all experimental groups (F).
Asterisks indicate the difference between groups where p<0.05.

Figure 3
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A-B: Representative 1H-MRS PRESS spectra acquired from tumours in each treatment group on day 6
(A). Box plots of percentage change in tCho/NAA ratios on days 3 and 6, relative to day 0, across groups
(B). Asterisks indicate the difference between groups where p<0.05.

Figure 4

IVIM-DWI-derived diffusion parameters across treatment groups. (A) Representative IVIM image (b=0
s/mm2) with tumour margin indicated (magenta). (B) Parametric map of the pure diffusion coefficient
(D). (C) Box plots illustrating the percentage change in D relative to day 0 within tumours for all
experimental groups at days 3 and 6 post-treatment.
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Figure 5

Representative Seahorse XFe96 Mito Stress Test profiles illustrating (A) the acute (~30 min) and (B)
chronic (72 h) effects of Lonidamine (LND), Temozolomide (TMZ), and their combination on GL261
glioblastoma cells. Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) were
measured in real time to assess mitochondrial respiration and glycolytic activity, respectively. Cells were
pre-treated with LND, TMZ, or LND + TMZ prior to sequential injections of Oligomycin (O; 1 µM), FCCP (F;
0.5 µM), and a combined Rotenone/Antimycin A solution (R+A; 1 µM each), as indicated by the vertical
dotted lines.
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Figure 6

A-B: Acute and chronic effects of lonidamine and temozolomide on mitochondrial and glycolytic ATP
production. Bar graphs show ATP production rates derived from glycolysis (JATPglyc) and oxidative
phosphorylation (JATPox) in untreated control (Ctrl) cells and in cells treated acutely (~30 min) (A) or for
24 h (B) and 72 h (C) at high and low drug concentrations with lonidamine (LND), temozolomide (TMZ),
or their combination (LND + TMZ). ATP production rates are expressed as pmol ATP/min/µg⁻¹ protein
and presented as mean ±SD of biological replicates (acute n=4, chronic n=3), normalised to total protein
content. Significance levels are indicated by asterisks.
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Figure 7

A-B: Evaluation of tumour proliferation and MCT4 expression. Micrographs are arranged by treatment
group (columns). (A) Top row:Representative haematoxylin–eosin (H&E, 400x) sections showing tumour
morphology; circles highlight mitotic figures, and normal brain parenchyma is indicated (*). Second Row:
Immunohistochemical (IHC) staining for MCT4 (brown) from the whole brain sections including the
tumour. Third Row: Corresponding QuPath-generated staining intensity heatmaps. Bottom Row: Cell
distribution analysis. Stacked bar charts represent the percentage of total cells categorized by staining
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intensity: Blue = Negative (no staining); Yellow to Red = increasing staining intensity reflecting MCT4
protein concentration. (B) Groupwise distribution of mitosis and MCT4 expression. Scatter plots showing
individual sample data (n=3) for Mitotic Index (left) and MCT4 H-score (right). The asterisk indicates the
difference between groups where p<0.05.
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